A Fuzzy Logic Controller is applied to lateral/directional regulator design for an aircraft equipped with forebody vortex flow controller. The flight condition of an aircraft is high angle-ofattack and low speed where conventional effectors such as rudder and differential flaps lose effectiveness. The closed loop controller consists of two controllers, full state feedback gain controller for continuous control effector, rudder and differential flaps, and three states fuzzy logic controller for bang-bang control effector, VFC nozzles. Based on the analysis of previous controller design, designer defines membership function and fuzzy rule. "Tuning" of the fuzzy logic controller has been done to optimize system performance by adjusting the fuzzy-rule. Detailed mathematical model of the system is not required for designer in these steps. The results of this paper show that application of a fuzzy logic controller improves general performance of regulator design and makes controlling of VFC activity more practical comparing to conventional controller.
From Wright Flyer to today's fighter-type aircraft (except for a few prototype aircraft equipped with thrust vectoring control), directional control of aircraft have been limited in some flight condition, because of the loss of effectiveness of control surface at a high angle-ofattack condition.
The X-29A aircraft is designed to demonstrate advanced concept and technology of aircraft which is equipped with variable camber wing surfaces, forward swept wing with thin supercritical airfoil, strake flaps, differential flaps and computerized fly-by-wire flight control 1155 American Institute of Aeronautics and Astronautics system. Aircraft No. 2, one of the two X-29A built for the project, was modified for installation of Vortex Flow Controller, VFC, system. The VFC system consists of two high pressure nitrogen tanks and control valves with two small nozzle jets at forebody of nose section (figure 1).
The ability to maneuver fighter-type aircraft at high-angle-of-attack using a tangential slot blowing, or VFC, for controlling the forebody vortex is generally well understood
. The behavior of forebody vortices largely depends on the angle-of-attack, in other words the higher the angle-of-attack is, the higher and the further the migration of the forebody vortices from the body will be, thus on most occasions this results in a shedding non-symmetric and unstable.
The aircraft directional control is obstructed by this von Karman vortex shedding. . Application of VSC generally improved the regulator performance of the X-29A aircraft and synthesis of continuous and bang-bang effector was successful. As shown in figure 5, it seems that general responses and damping is improved under VFC nozzle control. However from practical point of view, the excessive switching of nozzle valves is not mechanically desirable. In addition, adjustment of VFC nozzle activity is complicated and time consuming, because VSC is optimized controller.
Recently, an innovative control theory, "Fuzzy Logic", has gotten attention among control applications. It is based on expert knowledge and many commercial products in Japan proved that it controls either linear and nonlinear system with high performance.
The objective of this paper is to develop a fuzzy logic based regulator which controls VFC nozzles with better of similar overall performance. SIMULINK/MATLAB with FUZZY LOGIC TOOLBOX is selected for development tools of fuzzy logic controller. These developing tools are also used for simulation and further analysis. For example, vortex injection on RHS VFC nozzle results a RHS side force on forebody which provides yawing control in RHS direction. In case of generation yawing moment in LHS direction, the operation is reversed.
Aircraft Model and Dynamics
The objective is to design a closed-loop VFC controller that will drive the system from a specified initial sideslip angle to a commanded terminal nonzero sideslip angle. All states are assumed to be fed back (including sideslip angle) and perfectly measurable. For comparison, fight condition and aircraft model used throughout this paper is remained as same values in Reference 1.
A high angle-of-attack trimmed flight condition, where the control power of the VFC nozzles is comparable to that of the differential flap and rudder, is selected for the design example: . The fuel supply of the VFC nozzles is considered to be finite, so a controller which satisfies the specifications with the least amount of bang-bang activity is desired. Initial elements of the state and control weighting matrices are selected using the relations in Reference 23.
The weighting matrices, which are necessary to develop feedback gains and to calculate cost function are: Fuzzy Logic -Overview A highly experienced human operator, "expert", sometimes shows much better performance than conventional automatic controllers in controlling system. The major difference between the conventional controller and the expert is a proposition to deal with. The conventional controller requires the propositions to be either true or false. In comparison, the expert requires degree of terms that is usually expressed in linguistic terms. For example when the room temperature is 78.6° F, conventional controller proceeds the temperature as " T=78.60°F
". In linguistic terms, it is expressed as "This room is a kind of hot" or "slightly hot". The fuzzy logic controller, FLC, simulates this human linguistic process using the degree of truth for the linguistic terms. Temperature expression above, in this case, is "This room is 0.4 of warm and 0.6 of hot". This degree of truth method provides high performance in non-linear-controlling system. Unfortunately, there is no systematic rule for designing fuzzy logic controller design yet. Most of the steps in design procedure is based on designer's experience and expert knowledge obtained from analysis of the system.
To obtain the expert knowledge of the system characteristics, the responses of the system from different input conditions should be carefully analyzed at first step. Figure 3 shows the step response of the aircraft model against VFC input of +1. VFC is activated when t = 1 second. It is noted that the responses of sideslip, sideslip rate and yaw rate appeared immediately after VFC activation and the responses of other state started with little delay. Therefore, three states, sideslip, sideslip rate and yaw rate, are selected as input states for FLC.
Design of Membership Function, MF, (figure 4) is done based on analysis of the existing systems of two controllers, conventional feedback gain controller (Design 1 in reference 1) and gain plus variable structure controller, VSC, (Design 2 in reference 1). Input rages for sideslip, sideslip rate and yaw rate determined from the analysis are:
-10°<p<10°-15°<dp<15°7
MFs are applied to each input space and they are placed in equal distance (figure 4).
Due to a limitation of bang-bang type effector, output state has only three MFs, nu (-1), off (0), and pu (+1) (figure 4). The center of gravity of each MF must be located at the output command value to obtain a desired output signal.
Fuzzy rules are constructed from response analysis also. The fuzzy rules are expressed in two FAM table forms (figure 6). One is typical error-change of error type table and the other is single rule type table which are p-dp 
= mm[A(x):B(y)} (3) (4)
Since only three crisp output signal is required obviously Mean of Maxima method, MOM, is selected as a defuzzification method. The mathematical formula of MOM is:
Initial design of FLC, Design 3, is done at this point. Tuning process is conducted through the simulation which will be discussed in later section. The impulsive switching of VFC nozzle, however, occurs at second activation during 10 seconds run. This VFC nozzle activity is caused by fuzzy rule in yaw rate state input which is too sensitive. Fuzzy-rule is modified to reduce sensitivity in yaw rate state simply by deleting two lines in medium states of fuzzy rule (figure 7) which generates Design 4.
Discussion
In figure 7 , response of Design 3 is shown by thin line and those of Design 4 is shown by thick line. Design 4 has a total cost of 13.11 which is 0.3% improvement over Design 3. The impulsive activation of VFC nozzle is eliminated and total activation of VFC nozzle is reduced to twice, once for each nozzle, throughout 10 seconds run. Other states shows very similar characteristics to those of Design 3.
Through the design steps of FLC, the system characteristics is getting understood. After Design 4 is developed, it is noted that there is correlation between yaw rate and sideslip rate responses. FAM table of yaw rate state in Design 4 is reconstructed to r-dp FAM table (figure 8) that generates Design 5. Figure 8 shows the response of Design 5, in thick line, and Design 4, in thin line. The total cost of Design 5 is 11.92 which is 9% improvement over Design 4. VFC activation occurs twice as Design 4 have, but in longer activation time.
Differential flap is displaced less than one in Design 4 while rudder displacement is greater. Both Design 4 and Design 5 satisfied design requirement and reduced VFC nozzle activity. The choice of controller from these two should be done based on tradeoff between limitation of gas and performance requirement. Design 5 has better performance, however it consumes more gas for VFC activation.
Summery and Conclusion
A fuzzy logic controller is developed for closed-loop control of VFC nozzle. Nozzle activity is reduced and the general performance of the system in terms of the response and control effort is also improved with less number of feedback states compared to a conventional controller. From the design point of view, the designer can tune the fuzzy logic controller sensitivity and its setting by changing membership functions and fuzzy-rule only.
Detailed mathematical knowledge of the system is not required for the designer to tune the fuzzy logic controller. 
